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We construct rapidly rotating neutron star models in scalar-tensor theories with a massive
scalar field. The fact that the scalar field has nonzero mass leads to very interesting results
since the allowed range of values of the coupling parameters is significantly broadened.
These deviations from pure general relativity can be very large for values of the parameters
that are in agreement with the observations. The rapid rotation can magnify the differences
several times compared to the static case. The universal relations between the normalized
moment of inertia and quadrupole moment are also investigated both for the slowly and
rapidly rotating cases. The results show that these relations are still EOS independent up
to a large extend and the deviations from pure general relativity can be large. This places
the massive scalar-tensor theories amongst the few alternative theories of gravity that can
be tested via the universal I-Love-Q relations.
PACS numbers: 04.40.Dg, 04.50.Kd, 04.80.Cc
I. INTRODUCTION
In the recent years, alternative theories of gravity attracted considerable interest. Compact
objects, such as neutron stars and black holes, were considered in various generalizations of Ein-
stein’s theory and astrophysical implications were studied that can impose constraints on these
theories (for a review see [1]). But still very few of the examined alternative theories of gravity
can pass through all the observations, do not have any intrinsic problems and still lead to large
deviations in the observational properties of the compact objects[2].
In the present paper we will concentrate exactly on one such representative, namely the scalar-
tensor theories with massive scalar field that attracted interest recently [3–10]. Scalar-tensor theo-
ries in general are assumed to be one of the most natural generalizations of Einstein’s theory and
that is why they were extensively studied in the literature. Moreover, the f (R) theories of gravity
are mathematically equivalent to a particular class of scalar-tensor theories with nonzero potential
for the scalar field. As far as neutron stars are concerned, a special attention was paid to a specific
class of scalar-tensor theories which is indistinguishable from general relativity in the weak field
limit but can lead to interesting strong field effects, such as scalarization and non-uniqueness of
the solutions. Neutron stars in such theories with massless scalar field were considered for the
first time in [11, 12]. Different aspects and astrophysical implications of these compact objects
were studied in the literature mainly in the static case [13–23] (see also [24, 25]). However, the re-
cent observations of neutron stars in compact binaries have limited severely the possible range of
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2values of the coupling parameter [26, 27]. Thus, the deviations from the pure general relativistic
solutions in the static case are very small and only the rapidly rotating case leaves space for larger
differences, since the rapid rotation magnifies the deviations and widens the range of parameters
where scalarized neutron stars (i.e. with nontrivial scalar field) exist [28].
We can cure this problem and achieve large differences with pure Einstein’s theory for values
of the parameters that are in agreement with the observations if we consider nonzero mass of
the scalar field. This effectively suppresses the scalar field at distances larger than the Compton
wave-length. Therefore, the observations (both weak field and the binary pulsar observations)
can be reconciled with the theory for a broad set ot parameters. This was indeed shown to be true
in [9, 10, 29] where neutron stars in massive scalar-tensor theories were studies for the first time.
Our goal in the present paper is to extend these studies to the regime of rapid rotation which is
supposed to magnify even further the deviations from pure general relativity, similar to the case
of massless scalar field and f (R) theories [30, 31]. Rapidly rotating neutron star models in other
alternative theories of gravity were constructed in [32, 33].
In the present paper we will concentrate also on building universal relations for neutron stars
in massive scalar-tensor theories, both in the slowly rotating and the rapidly rotating case. Our
motivation comes from the fact that the EOS independent relations are usually a good tool for
testing the strong field regime of gravity because the large uncertainties in the nuclear matter
equation of state are taken away. We will focus on a particular type of EOS universal relations
that has drawn a lot of attention recently, the so-called I-Love-Q relations that connect the nor-
malized moment of inertia, tidal Love number and quadrupole moment [34, 35]. As a first step
we will consider the I-Q relation that can give us important intuition about the problem. As a
matter of fact the I-Q relation is almost indistinguishable from general relativity for the majority
of alternative theories of gravity [32, 36–40]. The only known exceptions are the dynamical Chern-
Simons gravity [34, 35] and the f (R) theories of gravity [41]. Taking into account that the f (R)
theories are mathematically equivalent to a particular class of scalar-tensor theories with nonzero
potential of the scalar field, we can expect large deviations in the case considered in the present
paper. Other types of EOS-independent relations were also well studies in the literature (see e.g.
[42–53]).
II. BASIC EQUATIONS
The scalar-tensor theory action in the Einstein frame has the following general form
S =
1
16piG
∫
d4x
√−g [R− 2gµν∂µϕ∂νϕ− 4V(ϕ)]+ Smatter(A2(ϕ)gµν,χ), (1)
where R is the Ricci scalar curvature with respect to the Einstein frame metric gµν, A(ϕ) controls
the coupling between the matter and the scalar field1, and V(ϕ) is the scalar field potential. For
mathematical convenience we will perform our calculations in the Einstein frame and later trans-
form the relevant quantities in the physical Jordan frame. The Jordan frame metric g˜µν and the
gravitational scalar Φ are given respectively by g˜µν = A2(ϕ)gµν and Φ = A−2(ϕ).
1 An explicit coupling between the scalar field and the matter appears only in the Einstein frame formulation of the
theory. In the physical Jordan frame no such coupling exists in order to fulfill the weak equivalence principle.
3The choice of V(ϕ) and A(ϕ) completely specifies the scalar-tensor theory and we will work
with
A(ϕ) = e
1
2 βϕ
2
, (2)
where β is a constant and
V(ϕ) =
1
2
m2ϕϕ
2. (3)
This choice of the scalar-field potential yields a mass of the scalar field mϕ. The particular form
of the coupling function (2) is interesting because in this case the scalar-tensor theory is indistin-
guishable from general relativity in the weak field regime but for strong fields nonlinear effects
can develop such as the so-called spontaneous scalarization [2, 12, 28]. Since our main goal in
the present paper is to demonstrate the effect of rapid rotation and to study the deviations from
the static case, we decided to limit our studies only to the case given by eq. (2). Moreover, other
choices of A(ϕ), such as the Brans-Dicke case with A(ϕ) = eα0ϕ, lead to qualitatively similar
results at least in the static and the slowly rotating cases [10].
The field equations can be derived from the action (1) and have the following form:
Rµν − 12 gµνR = 8piGTµν + 2∇µϕ∇νϕ− gµνg
αβ∇αϕ∇βϕ− 2V(ϕ)gµν, (4)
∇µ∇µϕ = −4piGα(ϕ)T + dV(ϕ)dϕ , (5)
where ∇µ is the covariant derivative with respect to the metric gµν, α(ϕ) is the coupling function
defined by α(ϕ) = d ln A(ϕ)dϕ and Tµν is the Einstein frame energy-momentum tensor connected
to the Jordan frame one T˜µν via the relation Tµν = A2(ϕ)T˜µν. For a perfect fluid the relations
between the energy density, pressure and 4-velocity in both frames are given by ρ = A4(ϕ)ρ˜,
p = A4(ϕ) p˜ and uµ = A−1(ϕ)u˜µ. More details on the relations between the two frames can be
found in [28, 54].
Since we are interested in rapidly rotating neutron stars, we will concentrate on stationary and
axisymmetric spacetimes as well as stationary and axisymmetric fluid and scalar field configura-
tions. Thus the metric can be written in the following general form
ds2∗ = −e2νdt2 + ρ2B2e−2ν(dφ−ωdt)2 + e2ζ−2ν(dρ2 + dz2), (6)
where all the metric functions depend on ρ and z only. The reduced field equations are quite
lengthy and we will not give them here, instead we refer the reader to [28, 31].
In addition to building and exploring equilibrium rapidly rotating neutron star models, we
will study also universal relations for neutron stars in massive scalar-tensor theories and more
precisely, we will focus on the relation between the normalized moment of inertia and quadrupole
moment. These quantities are directly connected to the asymptotics of the metric functions given
4by
ν ≈ −M
r
+
[
b
3
+
ν2
M3
P2(cos θ)
] (
M
r
)3
, (7)
B ≈ 1+ b
(
M
r
)2
, (8)
ω ≈ 2J
r3
, (9)
ζ ≈ −
{
1
4
+
1
3
[
b +
1
4
]
[1− 4P2(cos θ)]
}(
M
r
)2
, (10)
where the quasi-isotropic coordinates r and θ defined by ρ = r sin θ, z = r cos θ are used for
convenience and only terms up to r−3 order are kept. Here M and J are the mass and the angular
momentum, b, ν2 and ϕ2 are constants and P2(cos θ) is the second Legendre polynomial. The
scalar field decreases exponentially at infinity
ϕ|r→∞ ∼ e
−mϕr
r
. (11)
Clearly the scalar charge, which is defined as the coefficient in front of the 1/r term in the scalar
field expansion at infinity, is zero and does not play a role in the asymptotics of the metric func-
tions contrary to the case of scalar-tensor theories with massless scalar field [38]. Therefore, the
quadrupole moment has the same form as in general relativity [55, 56]:
Q = −ν2 − 43
[
b +
1
4
]
M3. (12)
The moment of inertia on the other hand, is defined in the standard way
I =
J
Ω
. (13)
where Ω is the angular frequency of the star.
The formulas for the moment of inertia and the quadrupole moment are written in the Einstein
frame but they are the same in the physical Jordan frame for the particular class of scalar-tensor
theory we are using because of the exponential decay of the scalar field [38, 41].
In the next section where we present our numerical results we shall use the dimensionless
parameter mϕ → mϕR0 and the dimensionless moment of inertia I → I/MR20, where M is the
solar mass and R0 = 1.47664 km is one half of the solar gravitational radius.
III. RESULTS
In our studies we will employ three equations of state (EOS): APR, FPS and the zero tem-
perature limit of the Shen EOS. The first one can be considered as modern realistic EOS which
falls into the preferred range of masses and radii according to the observations. The Shen EOS is
stiffer, the maximum mass of neutron stars reaches well above the two solar mass barrier and has
larger radii. The FPS EOS is softer and it has maximum mass below two solar masses in pure gen-
eral relativity. Nevertheless, it is useful in our studies since one of our goals is to check the EOS
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FIG. 1: The mass as a function of the radius (left panel) and the moment of inertia as a function of the stellar
mass (right panel).
universality of the relations between the normalized moment of inertia and quadrupole moment
which requires a broader set of EOS. Moreover, as we will show below, the presence of nontrivial
massive scalar field significantly increases the maximum neutron star mass for a given EOS which
can easily reconcile the theory with the observations.
A very important point we should comment are the observational constraints on the param-
eters of the theory, namely on the coupling parameters β and the mass of the scalar field mϕ.
In the massless case β > −4.5, according to the observations of neutron stars in close binaries
[26, 27]. The presence of nonzero mass of the scalar field can drastically change this limit. More
specifically, if the Compton wave-length of the scalar field λϕ = 2pi/mϕ is much smaller than
the separation between the two stars in the binary system, then the emitted scalar gravitational
radiation will be negligible and practically no constraints can be imposed on the parameter β. If
we further assume that the mass of the scalar field does not prevent the scalarizataion of the star
we arrive at the following allowed range for the scalar-field mass:
10−16eV . mϕ . 10−9eV. (14)
This corresponds to roughly 10−6 . mϕ . 10 in our dimensionless units. A mid-range of mϕ
values can also be excluded based on arguments connected with the superradiant instability of
black holes, but since there are many uncertainties in these studies we will not impose further
restrictions on mϕ in the present paper and study the full parameter space given by eq. (14). The
observational constrains are discussed in more details in [9, 10].
For values of mϕ falling into the rage given by (14), β is essentially unconstrained. In our paper
we have chosen to work with a particular value of β, namely β = −6, for the following reason2.
β = −6 gives already large deviations from pure general relativity even in the nonrotating case,
that are further magnified for rapidly rotating models. That is why it can give us good qualitative
intuition about the problem. Moreover, the deviations from pure general relativity at the Kepler
(mass shedding limit) are already huge for β = −6. Our studies show that the results for smaller
values of β are qualitatively similar, only the magnitude of the deviations increases.
2 Neutron stars with nontrivial scalar field, i.e. scalarized neutron stars, exist only for negative values of β.
6In Fig. 1 the mass as a function of the radius is plotted in the left panel and the moment of
inertia as a function of the mass in the right panel for the APR EOS. Sequences of models for
β = −6 and several representative values of the scalar field mass are plotted in the nonrotating
case and for models rotating at the Kepler limit. As one can see, the results for different values of
mϕ are situated between two limiting cases – the general relativistic limit which loosely speaking
corresponds to infinite mass of the scalar field3 and the massless case mϕ = 0. This is expected,
since the scalar field mass actually suppresses the scalar field. Therefore, the effect of the scalar
field mass is not that it produces on its own large deviations from Einstein’s theory of gravity.
Instead, the reason for the large differences is the fact that the allowed range of β is broadened
significantly.
Strictly speaking the case of mϕ = 0 in Fig. 1 is not allowed by the observations because in the
massless case β > −4.5. However, our results show that the minimum possible value of mϕ given
by eq. (14) leads to neutron star models that differ only marginally from the mϕ = 0 case. That is
why we can roughly assume that for a fixed value of β, the massless case mϕ = 0 truly represents
an upper limit on the deviations from pure general relativity.
As one can see in Fig. 1, the β = −6 case gives us already large deviations in the static case.
The rapid rotation magnifies these deviations considerably and the models rotating at the Kepler
limit already differ drastically from pure general relativity. This effect is even more pronounces
for the rotational properties of the star, such as the moment of inertia. Such a strong increase of
the deviations from pure general relativity compared to the static case was also observed in other
alternative theories of gravity [28, 31]. As one can see, we have cut the rapidly rotating sequences
up to a certain point in order to have a better visibility. The results show that for β = −6 in the
limit of small scalar field masses the maximum mass in the Kepler limit is five times larger with
respect to general relativity, compared to only 15% difference in the static case. Of course, these
numbers increase with the decrease of β. Such large deviations in the equilibrium properties of
the stars should lead to observational manifestations that will allow us to put constraints on the
massive scalar tensor theories that are tighter that the ones given by the binary pulsar observa-
tions. Such a study is underway.
In Fig. 2 the normalized moment of inertia as a function of the normalized quadrupole moment
is shown. The normalization we use is the standard one: I¯ ≡ I/M3 and Q¯ ≡ Q/(M3χ2), where
χ ≡ J/M2. We have used three EOS (APR, Shen and FPS) with different stiffness and thus they
can be used as a good test of the EOS universality. Sequences with fixed rotational parameter νM
are plotted, where νM has dimension of kHz times solar masses. The black lines with νM = 0.3
correspond to the slow rotation limit. Again, we fixed β = −6 and examined two different values
of mϕ, namely mϕ = 5× 10−3 and mϕ = 2× 10−2. The former case gives deviations close to the
maximum ones 4, and the latter one has intermediate deviations from general relativity.
We can make the following observations concerning the I¯ − Q¯ relations. The relations are
EOS independent up to a large extend for fixed values of νM. The EOS universality is a little bit
3 The Compton wave-length of the scalar field, and thus its range, is back proportional to the scalar field mass. As we
increase the mass, the scalar field range decreases and in the limit of mϕ → ∞ it is completely suppressed which is
equivalent to the pure general relativistic case.
4 We did not plot the I¯ − Q¯ relation for the mϕ = 0 case for the following reason. When mϕ = 0 the scalar charge is
nonzero and it will contribute to the asymptotic of the metric and thus the quardupole moment. Therefore, eq. (12)
is valid only for mϕ 6= 0.
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FIG. 2: (upper panel) The I¯ – Q¯ universal relations for sequences of models with fixed values of the
normalized rotational frequency νM). (lower panel) The relative deviation from pure general relativity
∆I = | I¯GR− I¯FR |I¯GR .
worse for scalar tensor theories with nonzero mϕ compared to the general relativistic case, but the
deviations still do not exceed a few percents. The most important observation though, is the fact
that the differences with pure general relativity can be large for β = −6, especially for small scalar
field masses, reaching above 20% as the lower panel of Fig. 2 shows. Our investigations show that
these differences increase further with the decrease of β that can be used to impose constraints on
the parameters of the theory as suggested in [34, 35].
The I-Love-Q relations in most of the studied alternative theories of gravity are almost indis-
tinguishable from pure general relativity. The reason is that the normalization used in the original
I-Love-Q relation seems to be good enough not only to take away the EOS dependence, but also
the dependence on the theory of gravity up to a large extend5. The known exceptions are the dy-
namical Chern-Simons gravity [34, 35] and the f (R) theories of gravity [41]. As we have shown,
the massive scalar-tensor theories lead also to large differences with the pure general relativistic
case for values of the parameters that are in agreement with the observations. As a matter of
fact, f (R) theories are mathematically equivalent to a special class of scalar-tensor theories with
nonzero potential for the scalar field. That is why taking into account that it was shown in [41]
5 Only the normalized relations are indistinguishable from pure general relativity, the unnormalized quantities can
deviate significantly.
8that f (R) theories lead to significant differences compared with pure Einstein’s theory, the results
in the present paper are not surprising. What is interesting here, is that these differences can be
very large for small values of β and small scalar field masses.
IV. CONCLUSIONS
In the present paper we have studied neutron stars in scalar-tensor theories with massive scalar
field. We focused on a particular form of the coupling function which leads to interesting strong
field effects such as scalarization and nonuniqueness of the solutions, but qualitatively similar
results and large deviations from pure general relativity are expected for other choices of the
coupling function as well.
We have studied both equilibrium properties and universal (EOS independent) relations for
rapidly rotating models with frequencies reaching the Kepler limit. The observed deviations
from pure general relativity can be very large and the rapid rotation increases the differences
several times especially for some of the rotational properties of the star, such as the moment of
inertia. With the increase of the scalar field mass the deviations from pure Einstein’s theory de-
crease. Therefore, the presence of scalar field mass alone can not serve directly as a mechanism
for magnifying the differences. The reason for the large deviations lies in the fact, that the mass
of the scalar field exponentially suppresses the scalar field at distances of the order of its Comp-
ton wave-length which can reconcile theory with the observations for a much broader range of
parameters compared to the massless case.
As far as EOS independent relations are concerned, we have focused on the relations between
the normalized moment of inertia and quadrupole moment both for slowly and rapidly rotating
models. Our results show that the deviations from pure general relativity can be large unlike
most of the alternative theories of gravity considered in the literature, which can help us test the
massive scalar-tensor theories of gravity. The normalized I¯-Q¯ relations are quite EOS independent
for fixed values of the normalized rotational parameter, even though the deviations from EOS
universality are generally larger than the pure general relativistic case.
At the end, we would like to further comment on the possible observational constraints we
can impose on the massive scalar-tensor theories. As we have already discussed, the binary pul-
sar observations and the related gravitational wave emission can impose constraints only on the
mass of the scalar field, i.e. the Compton wave-length should be less than the orbital separation
between the two stars. After this requirement is satisfied we are left practically without any tight
bounds on the coupling parameters. As shown in the present paper, the equilibrium properties
and the universal relations for neutron stars in massive scalar tensor theories can differ dramati-
cally from pure general relativity. This will inevitably lead to strong observational manifestations.
Therefore, we will be able to set tight constraints on the parameters of the theory using the astro-
physical observations. Such a study is underway.
Acknowledgements
DD would like to thank the European Social Fund, the Ministry of Science, Research and the
Arts Baden-Wu¨rttemberg and Baden Wu¨rttemberg Foundation for the support. The support by
9the Bulgarian NSF Grant DFNI T02/6, Sofia University Research Fund under Grant 193/2016,
“New-CompStar” COST Action MP1304 and “CANTATA” COST Action CA15117 is also grate-
fully acknowledged.
[1] E. Berti, E. Barausse, V. Cardoso, L. Gualtieri, P. Pani, U. Sperhake, L. C. Stein, N. Wex, K. Yagi,
T. Baker, et al., Classical and Quantum Gravity 32, 243001 (2015), 1501.07274.
[2] T. Damour and G. Esposito-Farese, Classical and Quantum Gravity 9, 2093 (1992).
[3] L. Perivolaropoulos, Phys. Rev. D 81, 047501 (2010), 0911.3401.
[4] M. Hohmann, L. Ja¨rv, P. Kuusk, and E. Randla, Phys. Rev. D 88, 084054 (2013), 1309.0031.
[5] A. Scha¨rer, R. Ange´lil, R. Bondarescu, P. Jetzer, and A. Lundgren, Phys. Rev. D 90, 123005 (2014),
1410.7914.
[6] L. Ja¨rv, P. Kuusk, M. Saal, and O. Vilson, Phys. Rev. D 91, 024041 (2015), 1411.1947.
[7] J. Alsing, E. Berti, C. M. Will, and H. Zaglauer, Phys. Rev. D 85, 064041 (2012), 1112.4903.
[8] P. Chen, T. Suyama, and J. Yokoyama, Phys. Rev. D 92, 124016 (2015).
[9] F. M. Ramazanog˘lu and F. Pretorius, ArXiv e-prints (2016), 1601.07475.
[10] S. S. Yazadjiev, D. D. Doneva, and D. Popchev, Phys. Rev. D 93, 084038 (2016), 1602.04766.
[11] T. Damour and G. Esposito-Farese, Physical Review Letters 70, 2220 (1993).
[12] T. Damour and G. Esposito-Fare`se, Phys. Rev. D 54, 1474 (1996).
[13] H. Sotani and K. D. Kokkotas, Phys. Rev. D 70, 084026 (2004).
[14] H. Sotani and K. D. Kokkotas, Phys. Rev. D 71, 124038 (2005).
[15] S. DeDeo and D. Psaltis, Physical Review Letters 90, 141101 (2003).
[16] J. Novak, Phys. Rev. D 57, 4789 (1998).
[17] T. Harada, T. Chiba, K.-I. Nakao, and T. Nakamura, Phys. Rev. D 55, 2024 (1997).
[18] T. Harada, Phys. Rev. D 57, 4802 (1998).
[19] H. Sotani, Phys. Rev. D 86, 124036 (2012).
[20] E. Barausse, C. Palenzuela, M. Ponce, and L. Lehner, Phys. Rev. D 87, 081506 (2013).
[21] C. Palenzuela, E. Barausse, M. Ponce, and L. Lehner, Phys. Rev. D 89, 044024 (2014).
[22] M. Shibata, K. Taniguchi, H. Okawa, and A. Buonanno, Phys. Rev. D 89, 084005 (2014).
[23] H. O. Silva, C. F. B. Macedo, E. Berti, and L. C. B. Crispino, Classical and Quantum Gravity 32, 145008
(2015), 1411.6286.
[24] A. Maselli, H. O. Silva, M. Minamitsuji, and E. Berti, Physical Review D 93, 124056 (2016).
[25] M. Minamitsuji and H. O. Silva, Phys. Rev. D 93, 124041 (2016), 1604.07742.
[26] P. C. C. Freire, N. Wex, G. Esposito-Fare`se, J. P. W. Verbiest, M. Bailes, B. A. Jacoby, M. Kramer, I. H.
Stairs, J. Antoniadis, and G. H. Janssen, Mon. Not. Roy. Astron. Soc. 423, 3328 (2012).
[27] J. Antoniadis, P. C. Freire, N. Wex, T. M. Tauris, R. S. Lynch, et al., Science 340, 6131 (2013).
[28] D. D. Doneva, S. S. Yazadjiev, N. Stergioulas, and K. D. Kokkotas, Phys. Rev. D 88, 084060 (2013).
[29] D. Popchev, Master’s thesis, University of Sofia (July 2015).
[30] D. D. Doneva and S. S. Yazadjiev, Phys. Rev. D 85, 124023 (2012).
[31] S. S. Yazadjiev, D. D. Doneva, and K. D. Kokkotas, Phys. Rev. D 91, 084018 (2015), 1501.04591.
[32] B. Kleihaus, J. Kunz, and S. Mojica, Phys. Rev. D 90, 061501 (2014), 1407.6884.
[33] B. Kleihaus, J. Kunz, S. Mojica, and M. Zagermann, Phys. Rev. D 93, 064077 (2016), 1601.05583.
[34] K. Yagi and N. Yunes, Science 341, 365 (2013).
[35] K. Yagi and N. Yunes, Phys. Rev. D 88, 023009 (2013).
[36] Y.-H. Sham, L.-M. Lin, and P. T. Leung, ApJ 781, 66 (2014), 1312.1011.
[37] P. Pani and E. Berti (2014), 1405.4547.
[38] D. D. Doneva, S. S. Yazadjiev, K. V. Staykov, and K. D. Kokkotas, Phys. Rev. D 90, 104021 (2014),
1408.1641.
10
[39] G. Pappas and T. P. Sotiriou, Phys. Rev. D 91, 044011 (2015), 1412.3494.
[40] G. Pappas and T. P. Sotiriou, Mon. Not. Roy. Astron. Soc. 453, 2862 (2015), 1505.02882.
[41] D. D. Doneva, S. S. Yazadjiev, and K. D. Kokkotas, Phys. Rev. D 92, 064015 (2015), 1507.00378.
[42] J. M. Lattimer and M. Prakash, ApJ 550, 426 (2001), astro-ph/0002232.
[43] M. Urbanec, J. C. Miller, and Z. Stuchlı´k, Mon. Not. Roy. Astron. Soc. 433, 1903 (2013), 1301.5925.
[44] M. Baubo¨ck, E. Berti, D. Psaltis, and F. O¨zel, ApJ 777, 68 (2013), 1306.0569.
[45] M. AlGendy and S. M. Morsink, ArXiv e-prints (2014), 1404.0609.
[46] N. Andersson and K. D. Kokkotas, Mon. Not. Roy. Astron. Soc. 299, 1059 (1998).
[47] L. K. Tsui and P. T. Leung, Mon. Not. Roy. Astron. Soc. 357, 1029 (2005), gr-qc/0412024.
[48] T. Delsate, ArXiv e-prints (2015), 1504.07335.
[49] D. D. Doneva, E. Gaertig, K. D. Kokkotas, and C. Kru¨ger, Phys. Rev. D 88, 044052 (2013), 1305.7197.
[50] P. Pani, ArXiv e-prints (2015), 1506.06050.
[51] G. Pappas, ArXiv e-prints (2015), 1506.07225.
[52] C. Breu and L. Rezzolla, Mon. Not. Roy. Astron. Soc. 459, 646 (2016), 1601.06083.
[53] K. V. Staykov, D. D. Doneva, and S. S. Yazadjiev, Phys. Rev. D 93, 084010 (2016), 1602.00504.
[54] S. S. Yazadjiev, D. D. Doneva, K. D. Kokkotas, and K. V. Staykov, JCAP 1406, 003 (2014).
[55] G. Pappas and T. A. Apostolatos, Physical Review Letters 108, 231104 (2012).
[56] J. L. Friedman and N. Stergioulas, Rotating Relativistic Stars (Cambridge Monographs on Mathematical
Physics) (Cambridge University Press, 2013).
